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Oxygen-dependent inhibition of respiration in isolated renal been demonstrated [1–4]. Most of the oxygen is con-
tubules by nitric oxide. sumed and most of the ATP is produced during aerobic
Background. The partial pressure (tension) of oxygen (PO2) respiration in the mitochondria. To support such heavy
in the kidney medulla has been established to be lower than
work, the kidney receives a large blood flow constitutingthat of the cortex. The kidney medulla has been shown to be
a substantial fraction of the cardiac output. In view of thisparticularly sensitive to hypoxia. However, the measured PO2
fact, it is surprising that the renal medulla exists on thein the kidney medulla is sufficient to support maximal respira-
tion. It has been recently shown that endogenously produced borderline of hypoxia. The medullary hypoxia is a result
nitric oxide (NO) may inhibit oxygen consumption in the kid- of the arrangements of the vascular and the tubular struc-
ney. We studied whether NO plays a role in hypersensitivity tures in the medulla [5, 6]. The medullary partial pressureof the kidney medulla to hypoxia.
(tension) of oxygen (PO2) has consistently been shownMethods. We studied the effect of added NO on isolated
cortical and outer medullary renal tubules in simultaneous to be lower than that in the cortex, that is, 10 mm Hg
oxygen consumption and NO measurements at different oxy- versus 50 mm Hg [5–10]. The PO2 in the medulla is never-
gen concentrations. theless high enough to support maximal respiration inResults. We found that NO could potently and reversibly
isolated mitochondria (Km 0.02 to 0.2 mm Hg for oxygen)inhibit respiration at nanomolar concentrations. The inhibitory
[11], cells, and tubules (discussed in this study) [12].effect of NO was markedly increased at low physiological oxy-
gen concentrations. The effect of NO was cGMP independent Nitric oxide (NO) has recently been shown to regulate
because the selective guanylyl cyclase inhibitor 1H-[1,2,4]oxa- the medullary circulation [13–15] and oxygen consump-
diazolo[4,3-a]quinoxalin-1-one (ODQ) at a 10 mm concentra- tion in the kidney [16]. All three different isoforms oftion had no effect on basal or NO-inhibited respiration. The
NO synthase (NOS) have been shown to exist in thevalue for half-maximal NO-mediated inhibition of respiration
kidney [17, 18]. Inducible NOS (iNOS), which is able towas virtually identical to that found in isolated mitochondria,
and therefore, NO was most likely directly acting on mitochon- produce sustained and large amounts of NO, is constitu-
dria. Interestingly, we found no differences in sensitivity to tively present in the renal outer medulla [19].
NO-mediated inhibition between outer medullary and cortical Some studies have suggested that NO may inhibit cel-tubules.
lular respiration directly [20–23], but the mechanism ofConclusions. We suggest that because of its low PO2, the
NO action as a function of oxygen concentration has notrenal outer medulla is more sensitive to hypoxia, not because
of the low PO2 as such, but probably because of the competition been studied in the kidney. Recently, NO has been
between NO and oxygen to control respiration. shown to inhibit mitochondrial respiration reversibly at
physiological NO and oxygen concentrations [24–29].
Furthermore, it has been found that the inhibition of
It is well established that most of the oxygen consumed oxygen consumption in isolated mitochondria becomes
and the adenosine triphosphate (ATP) produced in the stronger at lower PO2 with such kinetics that a decrease
kidney is used to support Na1 transport via the activity in oxygen concentration by one unit results in a quadratic
of basolateral Na1,K1-ATPase. A linear correlation be- increase in the potency of respiratory inhibition [28].
tween renal oxygen consumption and Na1 transport has Such a mechanism could be a novel explanation for med-
ullary hypoxia, as the PO2 is low and NO is constantly
produced in the medulla. To address the question ofKey words: hypoxia, renal metabolism, aerobic respiration, adenosine
triphosphate, renal oxygen, medullary PO2. whether NO can regulate oxygen consumption and
thereby indirectly control Na1 transport, we measuredReceived for publication June 24, 1998
the oxygen consumption and NO simultaneously in sus-and in revised form December 8, 1998
Accepted for publication January 8, 1999 pensions of isolated rat renal tubules at different oxygen
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METHODS gases were from AGA. Hemoglobin was from ICN Bio-
medicals Inc. (Aurora, OH, USA). l-arginine, NG-nitro-Isolation of tubules
l-arginine methyl ester (L-NAME), ouabain, sodium di-Male Sprague-Dawley and Lewis DA (F1 hybrids of
thionite, succinate, and SOD (from bovine erythrocytes)DA males and Lewis females bred at the animal facility,
were from Sigma (St. Louis, MO, USA).Biomedical Center, Uppsala University) rats were used.
There were no differences between the two strains, and Oxygen consumption and nitric oxide measurements
the results were, therefore, pooled. All solutions were
Oxygen consumption and NO were measured in acarefully adjusted to 295 6 1 mosM with a freezing-point
gas-tight plexiglass chamber, which was thermostaticallyosmometer (Model 3MO; Advanced Instruments Inc.,
controlled at 378C. The chamber was continuously stirredMA, USA), and the pH was adjusted to 7.4. The rat
with a magnetic stirrer. Oxygen consumption was calcu-was anesthetized with 60 mg/kg pentobarbital sodium
lated as a slope of O2 disappearance. The oxygen elec-(Nembutal). The abdominal aorta was then cannulated,
trode (Model 5775; Yellow Springs Instruments, Yellowand the kidneys were perfused in situ with Krebs-Ringer
Springs, OH, USA) was calibrated with sodium dithio-bicarbonate buffer containing 4% bovine serum albumin
nite, and the maximum value in an air-equilibrated openand 0.2 mg/ml collagenase. The perfusate was heated to
chamber was taken as 228 mm oxygen. NO was measured378C, and the perfusion was continued for approximately
with an ISO-NOP 200 microsensor (World Precision In-five minutes. Thereafter, both kidneys were excised. The
struments, Astonbury, Stevenage, UK). The NO elec-capsule was removed, and the kidneys were put into ice-
trode was calibrated according to the manufacturer’scold buffer with the following composition in mm: 113
instructions by using NaNO2 and KI or with NO gas.NaCl, 4 KCl, 27.2 NaHCO3, 1 KH2PO4, 1.2 MgCl2, 1
The maximum value of NO was taken for analysis. WeCaCl2, 10 HEPES, 5 glucose, 5 Na butyrate, 0.5 Ca lac-
did not observe any influence of NO on the oxygentate, and 2 glutamine. All subsequent steps were per-
electrode nor of oxygen on the NO electrode. A NOformed in this buffer unless otherwise stated. Under the
stock solution was prepared by bubbling distilled waterstereomicroscope, the papilla was removed and dis-
for at least one hour with helium and then for at leastcarded. The outer medulla and cortex were dissected
30 minutes with NO gas. Concentrations of injected NOand put into ice-cold buffer. Then both were cut into
were always measured with the NO electrode. The buffersmall pieces with a razor blade. Pieces were collected
was kept before the experiments at 378C and was contin-separately into buffer containing 0.3 mg/ml collagenase
uously bubbled with synthetic air/5% CO2 gas mixture.and were incubated and mechanically shaken at 378C
Approximately 1 ml of buffer was added to the chamber,for 35 to 45 minutes. During and before incubation, the
and subsequently, the tubular suspension was added.buffer was gassed with 95% O2/5% CO2 gas mixture.
The buffer volume was adjusted so that the final totalAfter incubation, tubules were pelleted by centrifugation
volume was 1.1 ml. The chamber was closed with a lid,(750 r.p.m.) and resuspended at least three times in colla-
and care was taken to see that no air bubbles were leftgenase-free buffer, which had previously been bubbled
in the chamber. All subsequent additions were madewith the previously mentioned gas mixture. Finally, the
through a small hole in the lid with Hamilton gas-tightcortex suspension was diluted to up to 6 to 10 ml and was
syringes.kept in a 50 ml plastic tube in styrox holder on ice. The
outer medulla was resuspended in 45% Percoll (Phar-
Protein determinationmacia-Upjohn, Uppsala, Sweden) in Ca21-free buffer. The
Protein concentrations were determined by Bradfordouter medulla was centrifuged in 30 to 40 ml Percoll
assay (Bio-Rad Laboratories, Hercules, CA, USA) withfor 30 minutes at 20,000 r.p.m. at 48C in Sorvall RC 5
centrifuge (SS-34 rotor). Two to three fractions were bovine serum albumin as standard.
clearly separated, as noted before, and the lowest frac-
Presentation of resultstion that contained outer medulla tubuli was collected.
Tubuli were washed at least three times with normal The results were analyzed with the SigmaPlot 4.0 for
buffer and were kept on ice until the start of the experi- Windows NT program.
ment. In some experiments, isolated medullary tubuli All values are given as mean 6 se. Statistical analysis
were used without the ultracentrifugation step, and no was performed using Student’s t-test for paired and un-
differences were found. Under microscopic examination, paired data.
the tubuli from the cortex and outer medulla were found
to be open ended.
RESULTS
Chemicals On addition of 60 to 120 ml of cortical or outer medul-
lary suspension to the metabolic chamber, respiration1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; To-
cris Cookson, Bristol, UK) was dissolved in ethanol. All started at a high rate and proceeded uninhibited to very
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Fig. 2. Inhibition of outer medullary tubular respiration by NO.
NO-saturated water was added at different oxygen concentrations, and
NO levels were measured with the NO electrode. Note that almost
identical NO additions yielded very different results depending on the
oxygen concentration, in that inhibition of respiration by NO became
more potent at lower oxygen concentrations. It is remarkable that even
after complete inhibition of respiration by NO in the last case (at 39
mm oxygen by 393 nm NO), after spontaneous disappearance of NO,
the respiration completely recovered to the original rate. Note that the
half-life of NO is increased at a lower oxygen concentration, as expected.
The oxygen trace was delayed by 40 seconds compared with the NO
trace. This is also evident in Figure 4.
Fig. 1. Respiration in isolated tubules from the rat renal medulla. The similarly in the cortical and outer medullary suspensions.
isolated tubules started to respire at a high rate after addition to the Figure 3A gives the results for the renal cortex at an
chamber. Note also the inability of these tubules to produce nitric oxide
oxygen concentration of approximately 40 mm. The curve(NO) during hypoxia or anoxia. Tubules were incubated in the presence
of 1 mm l-arginine and 500 U/ml superoxide dismutase (SOD). was drawn by best-fit analysis for Michaelis-Menten
equation, implying full inhibition at infinitely high NO
concentrations [that is, y 5 100 · (x/IC50 1 x)]. It is clearly
evident that the inhibition is dose dependent when NO
low micromolar oxygen concentrations. Typically, oxy- additions were made at a fixed oxygen concentration and
gen was totally consumed in 5 to 15 minutes (Fig. 1). that half-maximal inhibition (IC50) was 35 6 7 nm NO.
Oxygen consumption was comparable to the previously Table 1 presents IC50 values obtained from the cortex and
published values for these preparations [12, 30–32], that the outer medulla at three different oxygen concentra-
is, 28 6 3 nmol O2 min21 per mg protein for the cortical tions, as analyzed for adherence to Michaelis-Menten ki-
suspension (N 5 6) and 62 6 4 nmol O2 min21 per mg netics. It can be noted here that it was technically infeasi-
protein for the outer medullary suspension (N 5 5). ble to obtain values below 40 mm oxygen concentration,
To study the direct effects of NO on the renal tubular as even minute additions of NO led to practically complete
metabolism, NO-saturated water was injected in various inhibition of respiration. The correlation coefficient r de-
amounts at different oxygen concentrations. As seen in scribing the goodness of fit is also given.
Figure 2, the addition of 411 nm NO at an oxygen concen- It is clear that the inhibitory potency of NO is in-
tration of 128 mm resulted in 59% reversible inhibition creased at low oxygen concentrations, as expected. The
of respiration in the outer medullary tubules. A second combined IC50 values from the medulla and cortex are
addition of 411 nm NO at an oxygen concentration of shown in Figure 3B. In a previous kinetic study of inhibi-
75 mm resulted in 82% inhibition of respiration, and a tion of mitochondrial respiration by NO [28], a best fit
final addition of 393 nm NO at a 39 mm oxygen concentra- of IC50 values versus oxygen concentration was obtained
tion led to complete (100%) but reversible inhibition with the equation y 5 Ki · [1 1 (x/Km)2], that is, implying
of respiration. The time course of the NO effect on a Hill coefficient of 2. We therefore applied the same
respiration as monitored with the oxygen electrode was equation, and a good fit was obtained with a correlation
very closely associated with NO concentrations, as seen coefficient of 0.96. However, the resulting estimate for
by the NO electrode. Inhibition of respiration was com- Ki (26 6 23 nm) was virtually identical with a value
pletely reversible after the disappearance of NO, as mon- obtained from isolated mitochondria [28] but had a rela-
tively large scatter.itored with the NO electrode. NO inhibited respiration
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Table 1. IC50 values for NO inhibition of tubular respiration obtained at different oxygen concentrations
Cortex Outer medulla
O2 conc. lm IC50 nm O2 conc. lm IC50 nm
4066 3866 (N516) r50.91 5067 69617 (N55) r50.94
8365 149625 (N58) r50.94 10167 119634 (N55) r50.88
14965 320629 (N58) r50.98 145617 278638 (N510) r50.94
and outer medullary suspension (N 5 2, N 5 4; Fig. 1).
In some experiments (N 5 4), we added 10 mm of hemo-
globin to scavenge putative endogenously produced NO,
but this had no effect on the NO-electrode baseline,
suggesting that endogenous NO production was negligi-
ble. The half-life of NO is shortened in the presence of
superoxide. Some experiments were therefore per-
formed in the presence of superoxide dismutase (SOD)
at a concentration of 500 U/ml, but this did not reveal
endogenous NO production in either the cortical (N 5 7)
or outer medullary suspension (N 5 6). Furthermore,
some experiments were performed in the presence of
500 U/ml SOD and 1 mm l-arginine, but neither such
treatment revealed endogenous NO production in the
cortical (N 5 3) or outer medullary (N 5 4) suspension
(Fig. 1). The addition of 15 mm L-NAME, a nonspecific
NOS inhibitor, was similarly without effect on the respi-
ratory rate and NO-electrode baseline in the cortical
suspension (N 5 1).
In several experiments, 10 mm ODQ, a potent inhibitor
of soluble guanylyl cyclase, were added to the suspen-
sion. However, ODQ as such had no effect on respiration
(100 vs. 99%, P 5 NS, N 5 20), and interestingly, it
did not diminish the reversible inhibition of respiration
induced by similar NO additions in oxygen concentra-
tion-matched controls in either the cortical (control 74
vs. ODQ 72%, P 5 NS, N 5 15) or the medullary suspen-
sion (control 77% vs. ODQ 80% ODQ, P 5 NS, N 5 5;
not shown).
We tested the effect of succinate on the respiration in
both the cortical and outer medullary suspension. The
Fig. 3. (A) Dose–response relationship of inhibition of tubular (corti- addition of 5 mm succinate did not stimulate respiration
cal) respiration by NO at an oxygen concentration of 40 mm. The curve further in either preparation (100 vs. 101%, P 5 NS,was fitted with the equation y 5 100 · (x/IC50 1 x). The estimated IC50
N 5 3; 100 vs. 98%, P 5 NS, N 5 3; not shown). Thisvalue was 35 6 7 nm NO. (B) IC50 values as a function of oxygen
concentration. The curve was fitted with the equation y 5 Ki · [1 1 suggests that the respiration was not substrate limited
(x/Km)2]. The estimated Ki value was 26 6 23 nm. during the experiments and also that cell-free mitochon-
drial respiration must have been negligible.
To study the degree of Na1,K1-ATPase–dependent
respiration, ouabain was added at a concentration ofTo study the putative endogenous NO production,
1 mm to the cortical suspension, and it inhibited respira-simultaneous measurements of NO and oxygen con-
tion by 61 6 1% (N 5 6). In the outer medulla, 1 mmsumption were performed with isolated tubules. Without
of ouabain inhibited respiration by 62 6 2% (N 5 4),the addition of l-arginine, the respiration was fairly lin-
and 100 mm of ouabain inhibited it by 50 6 3% (N 5 4).ear over the entire range (N 5 22). However, even in
The addition of NO to both cortical (N 5 4) and outerthe presence of 100 mm or 1 mm l-arginine, respiration
proceeded linearly in both the cortical (N 5 2, N 5 3) medullary tubules (N 5 4), which were first inhibited by
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reduced [33]. In line with this reasoning is the fact that
pharmacological blockade of NOS activity in the kidney
has been shown in several studies to increase sodium
retention consistently [14–16, 34–36] and inhibit pres-
sure-induced natriuresis [37].
Direct measurements of intramedullary or intracorti-
cal NO concentrations are not currently available to esti-
mate the degree of NO-induced inhibition on respiration.
However, the concentrations of NO used in this study
are likely to occur in vivo because pharmacological
blockade of NO synthesis was almost able to double
oxygen consumption in the kidney [16]. If we assume
that oxygen concentration was rather constant at approx-
imately 60 mm in the control state and during NOS block-
Fig. 4. Ouabain inhibition of outer medullary tubular respiration. Oua- ade in the kidney [16] and that NOS blockade was com-
bain addition is indicated by the arrow. Note that NO was still able to plete, then we can estimate from our previous [28] andinhibit respiration reversibly when added at the top of ouabain. The
ouabain concentration was 1 mm. present set of data that approximately 32 nm of steady-
state NO concentration may exist in the kidney.
We suggest that the well-established supersensitivity
of the renal medulla to hypoxia [5] is not due to the low
1 mm of ouabain, was still able to inhibit respiration PO2 per se, but rather to a mechanism of NO competitionpotently and reversibly as in the control state (Fig. 4). with oxygen, as shown earlier in this article. Even in the
cortex, NO may, to some extent, inhibit respiration under
normal conditions. In support of this hypothesis, phar-DISCUSSION
macological blockade of NO synthesis in the kidney cor-In this study, high respiration was found in isolated
tex was found to increase oxygen consumption [16]. Weproximal and outer medullary renal tubules, in agree-
point out that the renal cortex should be less sensitivement with previous studies [12, 30–32]. We have also
to NO inhibition because it has lower NOS expressionshown in this study, by simultaneous measurements of
and a high blood flow. It should be emphasized that theNO and oxygen consumption, that physiological concen-
rapidity with which superficially as compared with deeplytrations of NO reversibly inhibited respiration in renal
located nephrons recover from acute ischemic renal fail-tubules. In agreement with previous studies [25, 26, 28],
ure [38] has very close parallels to the spontaneous re-we found that NO is able to fully but reversibly inhibit
versibility of respiratory inhibition induced by NO, asrespiration. What is particularly interesting here is that
shown in our study, and NOS expression and NO produc-the inhibition became more potent at low physiological
tion in the kidney.oxygen concentrations and that there was no difference
The inhibitory effect of NO is not mediated by thein sensitivity to NO inhibition between the cortex and
soluble guanylyl cyclase-cGMP pathway, because ODQouter medulla. This strongly suggests that because of its
[39], a potent inhibitor of soluble guanylyl cyclase, didlower PO2 [5–10], the outer medulla is more prone to NO
not diminish the NO effect. The observed oxygen depen-inhibition than the cortex. IC50 was as low as 70 nm for
dency of NO action also argues against cGMP-mediatedthe renal medulla at an oxygen concentration of 50 mm,
processes. Furthermore, the time course of NO actionthat is, a somewhat lower oxygen concentration than has
is in good agreement, being a direct effect rather thanbeen found in vivo for PO2 [9]. This finding makes it
second-messenger–mediated effect. Cellular and mito-reasonable to assume that some part of the respiration
chondrial respiration in different organisms has recentlycould be constantly inhibited by NO, at least in the renal
been found to be prone to reversible direct inhibitionmedulla. In support of such tenet, it has been recently
by NO [20–29]. It is interesting to note that the IC50 valueshown that pharmacological blockade of NO synthesis
for NO-induced inhibition of respiration in the renalin the kidney cortex and medulla increases oxygen con-
tubules in this study was virtually identical to a valuesumption [16]. Furthermore, low blood perfusion [13–15]
obtained from isolated mitochondria [28]. This stronglyand thereby weak NO scavenging are likely to augment
suggests that the mechanism of NO action is identicalthe inhibition induced by NO in the renal medulla. In
in these two cases. Inhibition of respiration seems tosupport of this concept, the state of cytochrome oxida-
occur in a competitive manner at the level of cytochrometion in the outer medulla has been shown to increase
C oxidase, the terminal oxygen acceptor in the mitochon-after breathing of 100% oxygen, suggesting that under
physiological conditions, in vivo cytochromes are partly dria [24, 25, 28]. Peroxynitrite is also able to inhibit
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mitochondrial respiration. In contrast to NO, its effect lated tubules, the source of NO-controlling respiration
in vivo [16] could be endothelial in origin. However,is not dependent on oxygen concentration, and it inhibits
respiration irreversibly at several sites in the respiratory hormonally evoked tubular NO production cannot be
excluded at this stage [16].chain [26]. Therefore, we think that peroxynitrite cannot
account for the effects registered in our study. The fact We found that 1 mm ouabain inhibited the respiration
by 61% in the cortical suspension and 62% in the outerthat the IC50 values versus the oxygen concentration was
best fitted with a Hill coefficient of 2, in conformity medullary suspension. In general, fairly similar values
for ouabain-sensitive respiration have been found. Thewith a previous report [28], suggests that respiration in
isolated renal tubules is very sensitive to decreasing oxy- rat kidney seems to be much less sensitive to ouabain
than the rabbit kidney: A Ki value of 8.4 mm for rabbitgen concentrations, in that a decrease in oxygen concen-
tration by one unit results in a quadratic increase in the cortical suspension [11] and of 0.67 mm for rat cortical
suspension [32] was found. For practical reasons, we wereinhibitory potency of NO, and vice versa. Inhibition of
respiration by NO results in a prompt decrease in the not able to use a higher concentration than 1 mm in our
study, and therefore, we probably missed a small part ofmitochondrial membrane potential [40] and thus leads
to a reduced level of intracellular ATP. It has been shown the ouabain-sensitive respiration. However, the ouabain
sensitivity of our preparation is very similar to that foundthat Na1,K1-ATPase activity in the proximal tubules is
linearly related to the intracellular level of ATP [41]. in the previous study with rat renal tubules [32]. Even
when the respiration was first inhibited by ouabain, NOThus, in this way, NO might regulate tubular Na1 trans-
port in a very effective manner by lowering the intracel- was still able to completely and reversibly inhibit it further.
Such an effect clearly differentiates the action of NO fromlular ATP level through inhibition of mitochondrial res-
piration. that of ouabain, which is able to inhibit respiration maxi-
mally by only approximately 70%. This again suggestsIt has recently been shown that hypoxia stimulates
NO production in isolated proximal tubules [42]. We that NO has a direct effect on the mitochondrial respira-
tion and not on the Na1,K1-ATPase. However, it cannotdetected no endogenous NO production in the presence
of l-arginine in either the cortical or outer medullary be excluded that alternative redox forms of NO such as
NO1 or NO2 or peroxynitrite, a reaction product of NOsuspension in our preparation, either in hypoxic or an-
with superoxide, may inactivate Na1,K1-ATPase irre-oxic conditions. In some experiments, the concentration
versibly via oxidation of critical sulfhydryls [45, 46].of l-arginine used was 1 mm, that is, 10 times higher
Such a process can probably occur in endotoxin-treatedthan in the blood. Four lines of evidence exclude endoge-
tubules [47], but alternative redox forms of NO werenous NO production. First, the NO-electrode baseline
most likely not present in our experiments.was unchanged even when the oxygen concentration be-
Taken together, our results have shown that the respi-came hypoxic or anoxic because of oxygen consumption
ration in isolated renal cortical and outer medullary sus-by the tubules. Second, the addition of hemoglobin, a
pension is sensitive to inhibition by NO, which becomespotent NO scavenger, did not affect the baseline regis-
more potent at low physiological oxygen concentrations.tered by the NO electrode, but in a separate study, hemo-
Our results are in good agreement that NO may inhibitglobin at these concentrations was clearly able to scavenge
oxygen consumption in kidney slices in vitro and in theadded NO. Third, as the respiration is very sensitive to
whole kidney in vivo [16]. We suggest that it is competi-NO at low oxygen concentrations, as shown earlier in our
tion between NO and oxygen that underlies medullarystudy, we would have expected that the respiratory rate
hypoxia rather than the low PO2 as such, and that thiswould have clearly decreased in the presence of l-arginine
mechanism may predispose cells in the outer medulla toat low oxygen concentrations. Fourth, L-NAME, a non-
hypoxia much earlier than can be expected from thespecific inhibitor of NOS even at such a high concentra-
PO2 itself. We suggest that such a mechanism could betion as 15 mm had no effect on respiration. Thus, we feel
confident that the putative endogenously produced NO adaptive in the sense that it down-regulates respiration
if the PO2 decreases and thus leads to saving of oxygendid not interfere with this set of measurements. It is
possible that the time spent in the hypoxic region in our during the period of diminished oxygen supply. In effect,
experiments was simply too short to activate endogenous the remaining oxygen can be redirected to other oxygen-
NO production or to induce iNOS protein, which seems requiring processes such as NO synthesis, which will be
to be responsible for enhanced NO production in the acutely needed to increase tissue blood perfusion in the
kidney during ischemia [43, 44]. In complete anoxia, of event of hypoxia. However, strong and long-lasting inhi-
course, one cannot expect any NO production because bition may predispose cells to premature death because
of the lack of oxygen, that is, the other substrate for NO of mitochondrial de-energization. Our results also sug-
synthesis. The isolation procedure employed makes it gest a novel new mechanism for regulation of the ATP-
likely that endothelial cells were lost during the isolation dependent ion pumps and channels that are found along
the renal tubules and possibly in other tissues.step. Because we did not detect NO production in iso-
Koivisto et al: NO and hypoxia in the kidney tubules2374
21. Miles PR, Bowman L, Huffman L: Nitric oxide alters metabolismACKNOWLEDGMENTS
in isolated alveolar type II cells. Am J Physiol 271:L23–L30, 1996
The study was financially supported by the Swedish Medical Re- 22. Shen W, Hintze TH, Wolin MS: Nitric oxide an important signal-
search Council, the Ingabritt and Arne Lundberg Foundation, the ing mechanism between vascular endothelium and parenchymal
Wallenberg Foundation, and the Bergwall Foundation, as well as by cells in the regulation of oxygen consumption. Circulation 92:3505–
a grant from the Medical Faculty of Uppsala University, Sweden. We 3512, 1995
thank Mr. Erik Ekstro¨m for building the amplifier for the oxygen 23. Stadler J, Billiar TR, Curran RD, Stuehr DJ, Ochoa JB, Sim-
electrode. mons RL: Effect of exogenous and endogenous nitric oxide on
mitochondrial respiration of rat hepatocytes. Am J Physiol
Reprint requests to Ari Koivisto, Ph.D., Orion Corporation, ORION 260:C910–C916, 1991
PHARMA, Preclinical Research, Tengstro¨minkatu 8, P.O. Box 425, 24. Brown GC: Nitric oxide regulates mitochondrial respiration and
FIN-20101 TURKU, Finland. cell functions by inhibiting cytochrome oxidase. FEBS Lett
E-mail: Ari-Pekka.Koivisto@utu.fi 369:136–139, 1995
25. Brown GC, Cooper CE: Nanomolar concentrations of nitric oxide
reversibly inhibit synaptosomal respiration by competing with oxy-REFERENCES
gen at cytochrome oxidase. FEBS Lett 356:295–298, 1994
1. Deetjen P, Kramer K: Die abha¨ngigkeit der O2-verbrauches der 26. Cassina A, Radi R: Differential inhibitory action of nitric oxide
niere von der Na-ru¨ckresorption. Pflu¨gers Arch 272:636–650, 1961 and peroxynitrite on mitochondrial electron transport. Arch Bio-
2. Kiil F, Aukland K, Refsum HE: Renal sodium transport and chem Biophys 328:309–316, 1996
oxygen consumption. Am J Physiol 201:511–516, 1961 27. Cleeter MWJ, Cooper JM, Darley-Usmar V, Moncada S, Schap-
3. Lassen UV, Thaysen JH: Correlation between sodium transport ira AHV: Reversible inhibition of cytochrome c oxidase, the termi-
and oxygen consumption in isolated renal tissue. Biochim Biophys nal enzyme of the mitochondrial chain, by nitric oxide. FEBS Lett
Acta 47:616–618, 1961 345:50–54, 1994
4. Ullrich KJ, Pehling G: Aktiver natriumtransport und sauerstoff- 28. Koivisto A, Matthias A, Bronnikov G, Nedergaard J: Kinetics
verbrauch in der a¨usseren markzone der niere. Pflu¨gers Arch of inhibition of mitochondrial respiration by nitric oxide. FEBS
267:207–217, 1958 Lett 417:75–80, 19975. Brezis M, Rosen S: Hypoxia of the renal medulla: Its implications
29. Takehara Y, Kanno T, Yoshioka T, Inoue M, Utsumi K: Oxygen-for disease. N Engl J Med 332:647–655, 1995
dependent regulation of mitochondrial energy metabolism by nitric6. Epstein FH: Oxygen and renal metabolism. Kidney Int 51:381–385,
oxide. Arch Biochem Biophys 323:27–32, 19951997
30. Gesek FA, Wolff DW, Strandhoy JW: Improved separation7. Aukland K, Krog J: Renal oxygen tension. Nature 188:671, 1960
method for rat proximal and distal renal tubules. Am J Physiol8. Leichtweiss H-P, Lu¨bbers DW, Weiss C, Baumga¨rtl H, Reschke
253:F358–F365, 1987W: The oxygen supply of the rat kidney: Measurement of intrarenal
31. Guder W, Wiesner W, Stukowski B, Wieland O: MetabolismpO2. Pflu¨gers Arch 309:328–349, 1969
of isolated kidney tubules. Hoppe-Seyler’s Z Physiol Chem 352:9. Liss P, Nygren A, Revsbech NP, Ulfendahl HR: Intrarenal oxy-
1319–1328, 1971gen tension measured by modified Clark electrode at normal and
32. Gstraunthaler G, Pfaller W, Kotanko P: Interrelation betweenlow blood pressure and after injection of x-ray contrast media.
oxygen consumption and Na1/K1-ATPase activity in rat renal proxi-Pflu¨gers Arch 434:705–711, 1997
mal tubule suspension. Renal Physiol 8:38–44, 198510. Lu¨bbers DW, Baumga¨rtl H: Heterogeneities and profiles of oxy-
33. Atkins JL, Lankford SP: Changes in cytochrome oxidation ingen pressure in brain and kidney as examples of the pO2 distribution
outer and inner stripes of outer medulla. Am J Physiol 261:F849–in the living tissue. Kidney Int 51:372–380, 1997
11. Sugano T, Oshino N, Chance B: Mitochondrial functions under F857, 1991
hypoxic conditions: The steady states of cytochrome c reduction 34. McKee M, Scavone C, Nathanson JA: Nitric oxide, cGMP, and
and of energy metabolism. Biochim Biophys Acta 347:340–358, hormone regulation of active sodium transport. Proc Natl Acad
1974 Sci USA 91:12056–12060, 1994
12. Balaban RS, Soltoff SP, Storey JM, Mandel LJ: Improved renal 35. Roczniak A, Burns KD: Nitric oxide stimulates guanylate cyclase
cortical tubule suspension: Spectrophotometric study of O2 deliv- and regulates sodium transport in rabbit proximal tubule. Am J
ery. Am J Physiol 238:F50–F59, 1980 Physiol 270:F106–F115, 1995
13. Brezis M, Heyman SN, Dinour D, Epstein FH, Rosen S: Role 36. Stoos BA, Garcia NH, Garvin JL: Nitric oxide inhibits sodium
of nitric oxide in renal medullary oxygenation: Studies in isolated reabsorption in the isolated perfused cortical collecting duct. J Am
and intact rat kidneys. J Clin Invest 88:390–395, 1991 Soc Nephrol 6:89–94, 1995
14. Lahera V, Salom MG, Miranda-Guardiola F, Moncada S, Ro- 37. Majid DSA, Williams A, Navar LG: Inhibition of nitric oxide
mero JC: Effects of NG–nitro-L-arginine methyl ester on renal func- synthesis attenuates pressure-induced natriuretic responses in an-
tion and blood pressure. Am J Physiol 261:F1033–F1037, 1991 esthetized dogs. Am J Physiol 264:F79–F87, 1993
15. Mattson DL, Roman RJ, Cowley AW: Role of nitric oxide in 38. Burke TJ, Schrier RW: Pathophysiology of cell ischemia (chapt
renal papillary blood flow and sodium excretion. Hypertension 39), in Diseases of the Kidney (vol 2), edited by Schrier RW,
19:766–769, 1992 Gottschalk CW, Boston, Little, Brown and Company, 1997, pp16. Laycock SK, Vogel T, Forfia PR, Tuzman J, Xu X, Ochoa M,
1013–1048Thompson CL, Najsletti A, Hintze TH: Role of nitric oxide in
39. Garthwaite J, Southam E, Boulton CL, Nielsen EB, Schmidtthe control of renal oxygen consumption and the regulation of
K, Mayer B: Potent and selective inhibition of nitric oxide-sensitivechemical work in the kidney. Circ Res 82:1263–1271, 1998
guanylyl cyclase by 1H[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one.17. Kone BC: Nitric oxide in renal health and disease. Am J Kidney
Mol Pharmacol 48:184–188, 1995Dis 30:311–333, 1997
40. Schweizer M, Richter C: Nitric oxide potently and reversibly18. Terade Y, Tomita K, Nonoguchi H, Marumo F: Polymerase chain
deenergizes mitochondria at low oxygen tension. Biochem Biophysreaction localization of constitutive nitric oxide synthase and solu-
Res Commun 204:169–175, 1994ble guanylate cyclase messenger RNAs in microdissected rat neph-
41. Soltoff SP, Mandel LJ: Active ion transport in the renal proximalron segments. J Clin Invest 90:659–665, 1992
tubule. III. The ATP dependence of the Na pump. J Gen Physiol19. Morrissey JJ, McCracken R, Kaneto H, Veheskari M, Montani
84:643–662, 1984D, Klahr S: Location of an inducible nitric oxide synthase mRNA
42. Yaqoob M, Edelstein CL, Wieder ED, Alkhunaizi AM, Geng-in the normal kidney. Kidney Int 45:998–1005, 1994
aro PE, Nemenoff RA, Schrier RW: Nitric oxide kinetics during20. Brown GC, Bolanos JP, Heales SJR, Clark JB: Nitric oxide
hypoxia in proximal tubules: Effects of acidosis and glycine. Kidneyproduced by activated astrocytes rapidly and reversibly inhibits
cellular respiration. Neurosci Lett 193:201–204, 1995 Int 49:1314–1319, 1996
Koivisto et al: NO and hypoxia in the kidney tubules 2375
43. Noiri E, Peresleni T, Miller F, Goligorsky MS: In vivo targeting of nitrous compounds on Na1/K1-ATPase. Biochim Biophys Acta
1321:243–251, 1997of inducible NO synthase with oligodeoxynucleotides protects rat
46. Sato T, Kamata Y, Irifune M, Nishikawa T: Inhibitory effectskidney against ischemia. J Clin Invest 97:2377–2383, 1996
of several nitric oxide-generating compounds on purified Na1/K1-44. Ling H, Gengaro PE, Edelstein CL, Martin P-Y, Wangsiripai-
ATPase activity from porcine cerebral cortex. J Neurochem
san A, Nemenoff R, Schrier RW: Effect of hypoxia on proximal 68:1312–1318, 1997
tubules isolated from nitric oxide synthase knockout mice. Kidney 47. Guzman NJ, Fang M-Z, Tang S-S, Ingelfinger JR, Garg LC:
Int 53:1642–1646, 1998 Autocrine inhibition of Na1/K1-ATPase by nitric oxide in mouse
proximal tubule epithelial cells. J Clin Invest 95:2083–2088, 199545. Boldyrev AA, Bulygina ER, Kramarenko GG, Vanin AF: Effect
